Abstract-The radiation-induced attenuation of pure silica core fibers measured at 0.85 pm has been reduced by treating the soot preforms in various oxidizing atmospheres; the most effective of the treatments used in this study was SOCl2. Fibers treated in SOC12 or Cl2 also have low OH contents. The radiation-induced loss of the treated fibers has been found to follow the square root of the drawing-induced absorption band height at 0.63 pm.
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I. INTRODUCTION E
ARLY STUDIES of the radiation sensitivity of pure silica core fibers found that the induced attenuation depended strongly on the OH content of the silica [ 11 , [2] . The damage in fibers with high OH concentrations (-1200 ppm) in the core was over an order-of-magnitude less than that measured in similar fibers of low OH content (3-50 ppm). An example is shown in Table I : the loss induced at 0.85 pm in an induction furnace-drawn Fluosil SW fiber with a low OH content Suprasil W core (1.6-ppm OH) is 257 dB/km 10 s after an irradiation of 37 Gy (1 Gy = 100 rad), whereas the induced loss in a similar Fluosil SS fiber with a Suprasil core (-1200-ppm OH) is only 14 dB/km. In contrast to these results, Schneider [3] reported recently that the damage in a Fluosil SW fiber pulled by Heraeus Quarzschmelze was actually 2ess than that in a Fluosil SS fiber during steady-state irradiation. Likewise, Tanaka, et al. [4] observed that the radiation sensitivities of wet and dry pure silica (Diasil) core fibers were similar, provided the preform of the dry fiber had been processed to reduce the 0.63ym drawing-induced absorption usually evident in fibers with low OH content pure silica cores [5] . Levin and Pinnow [6] recently described the reduction of this drawing-induced absorption by treatment of the pure silica soot preforms in various oxidizing atmospheres. This paper reports results of a study undertaken to more carefully explore the connection between OH and radiation sensitivity of pure silica core fibers and to determine the relationship between their radiation response at 0.85 pm and the presence of the 0.63-pm drawing-induced absorption band.
11. EXPERIMENTAL A number of pure silica core multimode fibers were measured. In addition to those pulled from preforms prepared in this work, we report data from the following fibers: Heraeus Quarzschmelze Fluosil SW fibers, pulled from the same preform either with a torch by Heraeus or with a resistance or induction furnace at Times Fiber Communications (TFC), a Fluosil SS fiber pulled with a torch at the Naval Research Laboratory (NRL), a TFC standard commercial product fiber (SI-200), and fibers supplied by Raychem, Hughes Research Laboratories, arid Dainichi-Nippon Cables. The two Dainichi fibers were from two different preforms; the SM-100 S fiber had only a primary coating, whereas the SM-100 SY(B) fiber had an additional extruded jacket.
The preparation procedure of fibers for this study was described in [6] . In summary, porous soot preforms were deposited by reaction of SiCI4 with O2 in a natural gasoxygen flame.
Reduction of the 0.63-pm drawing-induced absorption band was achieved through oxidation of the silica either by deposition in an excess oxygen flame or by treating the soot preform with CI2, H20, or S0C12 at high temperature (900-1300°C) following deposition. The preforms were sintered to solid glass, pulled into fibers in an induction furnace, and clad with either a polymer or B-doped silica.
The absorption spectra of the fibers were measured by the cutback technique with an 0.005-pm wavelength increment prior to irradiation. The height of the 0.63-pm absorption was determined by graphically drawing a baseline under the band, and the OH content was calculated from the band height U S . Government work not protected by U.S. copyright of the 0.95-pm Si-OH overtone band [7] . The growth of the radiation-induced attenuation at 0.85 pm was measured in situ during 6oCo irradiation at room temperature at 90 Gy/min dose. rate, and the recovery was measured for lo5 s following an irradiation of 37
Cry. The light intensity in the fiber was <300 nW to minimize photobleaching [8] . A more detailed description of the radiation experiment has been published
111. RESULTS AND DISCUSSION In general, it was observed that the radiation-induced loss in the pure silica core fibers of this study did not decrease with increasing OH content, in contrast to previous studies [l] , [2] , [ 111 . A clear example is shown in Fig. 1 where the OH content of the 3 fibers with drawing-induced absorptions of -4 dB/km decreases from 128 to 4.2 ppm with a corresponding decrease in radiation-induced attenuation.
As shown in Fig. 1 and Table I , the fibers divide into three groups with OH concentrations of -3, -60, and -1200 ppm. The radiation resistance of the best of the fibers with the lowest OH content is virtually the same as that of the best of the high OH content fibers (e.g., Dainichi Nippon SM-100 S versus Raychem RSC-200A). It is thus apparent that OH content does not determine the radiation sensitivity of pure silica core fibers. Rather, it is evident in Fig. 1 that a significant relationship exists between the radiation-induced attenuation of the fibers at 0.85 pm and the drawing-induced absorption at 0.63 pm. The B-doped clad fiber does not follow this relationship due to the radiation sensitivity of the cladding (vide infra), nor do the Heraeus Fluosil SW fibers, presumably because their preforms were prepared by plasma deposition rather than flame hydrolysis [ 121 . Nevertheless, the relationship between the drawing-induced and radiation-induced absorptions is valid for the fibers prepared in this study, together with the Dainichi Nippon and Hughes waveguides.
Oxidation of the silica by post-deposition treatment of the soot preform in an H 2 0 atmosphere is seen in Fig. 1 to increase the OH content to 128 ppm and to reduce the height of the drawing-induced band, without significantly affecting the radiation-induced loss at 0.85 pm. In contrast, control of the flame during deposition or post-deposition treatments in C12 or S0Clz are substantially more effective in reducing these absorptions. The chemical treatments also decrease the OH content in the fibers to the 3-4-ppm level. As shown in Fig. 1 and Table I , the fibers of this study with OH contents of 3-4 ppm were all treated in either Clz or SOClz. However, it should be noted from Fig. 2 that there are significant disadvantages in using C12 to oxidize the silica. Not only are the radiation-induced losses in the C12-treated fibers higher than that in the fiber treated in SOClz, but the recovery of the damage at long times following irradiation is inhibited. In fact, as shown in Fig. 2 , there is virtually no additional recovery of the C12-treated fibers between lo3 and lo5 s after irradiation. Thus Cl,-treated fibers would not be appropriate for deployment in radiation environments where good recovery is required.
Attempts were made to fit the recovery data of several of the fibers from 0.25 to lo5 s to a series of exponential decays.
The data for t 2 7000 s was well described by a single expo- nential with a time constant of 2.8 X lo5 s, but as many as five additional exponential terms were required to fit the data at shorter times. Hence, the recovery processes at, t 2 7000 s are relatively complex, perhaps involving a distribution in trap depths, whereas at longer times the recovery appears to be due to an activated process. Of the preforms prepared in this study, Fig. 1 shows that the lowest drawing-induced and radiation-induced absorptions were obtained with SOCl2 treatment. Although the drawinginduced loss of this fiber is less than that of the Hughes Research Laboratory and Dainichi-Nippon SM-100 SY(B) fibers, the radiation-induced attenuation is greater. It seems plausible to attribute the additional radiation sensitivity of this fiber to the silicone optical cladding since the latter two fibers had glass claddings. Note from Table I that the high OH content fibers also follow this trend: except for the Raychem fiber, which has a proprietary polymer cladding, the damage in the wet silica core fibers with either F-doped or B-doped silica glass claddings is always less than that in a typical silicone-clad fiber, such as the ITT-T323 fiber, even though these all have essentially identical core materials.
The radiation sensitivity of the high OH content silica core fibers clad with B-doped silica (Times Fiber SI-100) is onIy slightly higher than similar fibers clad with F-doped silica, as shown in Table I . However, Fig. 1 and Table I show that the damage in'the low OH content fibers with a B-doped silica clad is -2.5 times greater than in similar C12-treated fibers with polymer claddings. Thus B-doped silica clad fibers with wet cores are potential candidates for deployment in radiation environments (except where high neutron fluxes will be encountered, since BIO has a large cross section for neutron capture [3] ).
Similar fibers with dry cores have a comparatively larger radiation response and, therefore, may not be as attractive for these applications.
The correlation between the radiation-induced attenuation at 0.85 pm and the 0.63-pm drawing-induced band height shown in Fig. 1 implies that an equilibrium exists in the glass between the precursors to the drawing-induced and radiationinduced defect centers. Although there is considerable scatter in the data, omitting the B-doped silica clad and Fluosil SW fibers, they seem to follow a square-root dependence. This may be taken as evidence that the annihilation of one of the former by control of the deposition flame or by the oxidation treatments in Clz or SOClz results in the removal of two of the latter.
The Heraeus Fluosil SW fibers behave quite differently from the other fibers of this study-significant variations in the radiation response are accompanied by only slight changes in the drawing-induced absorption intensity. Since these fibers were pulled from preforms prepared by plasma deposition [12] , rather than by flame hydrolysis, it seems reasonable to assume that the former process creates precursors of the radiation-induced defect centers that are unrelated to the precursors of the drawing-induced defects. The difference between the behavior of the three fibers drawn with the torch, resistance, and induction furnaces shown in Fig. 1 and Table I could arise either from the difference in hot zone geometry or from the different redox conditions during draw. Since the hot zones of the two furnaces would be similar and much broader than that of the torch, we suggest that it is the redox conditions during fiber drawing that strongly influence the radiation sensitivity of Fluosil SW.
It should be noted that the data of the torch-drawn Fluosil SW fiber shown in Fig. 1 Possible explanations are a somewhat greater light intensity in the latter case, leading to enhanced photobleaching, or fiber-to-fiber variations in impurity content.) In the present study, the induced damage in the torch-drawn SW fiber is slightly higher than in [3] (52 versus 30 dB/km), and the loss in the SS fiber is -2 X less than that in the SW fiber, whereas the opposite was reported by Schneider [3] . These differences may be explained by the much lower dose rate in Schneider's study (1.39 versus 90 Gy/min), the different energy spectra of the reactor versus 6oCo radiation, and fiber-to-fiber variations in radiation sensitivity. In any case, our results agree with those of Schneider, as reported in [3] .
The nature of the defect center giving rise to the drawinginduced absorption of 0.63 pm has been previously studied by electron spin resonance (ESR) spectroscopy [ 131 . Although the ESR spectrum of the peroxy radical 0 , [ 141 was observed in as-drawn Suprasil W fibers, no correlation could be established with the optical band.
It is known from the present study that a correlation exists between the radiation-induced attenuation at 0.85 pm and the 0.63-pm drawing-induced absorption. A similar correlation of the attenuation at 0.85 pm has been previously established with the 0.63-pm radiationinduced band [I51 : The absorption of a Suprasil PCS fiber between 0.4 and 1.1 pm measured during in situ 6oCo irradiation was observed to increase monotonically with doses below lo2 Gy. Above this dose, the 0.63-pm radiation-induced band appeared, with a corresponding decrease in the absorption near 0.85 pm, implying that both arise from defect centers that have trapped identical charges. The 0.63-pm radiationinduced band has been attributed to a nonparamagnetic electron trap on the basis of annealing studies of the ESR and optical spectra [lo] . Thus we conclude that the 0.63-pm drawing-induced band is also due to a nonparamagnetic electron trap that is likely identical to the radiation-induced defect center.
IV. CONCLUSIONS
The present study has shown that the radiation-induced attenuation at 0.85 pm in pure silica core fibers can be reduced by processing the soot preforms deposited by flame hydrolysis in oxidizing atmospheres; the induced loss of these fibers follows the square root of the 0.63-pm drawing-induced absorption band height. It has been determined that low OH content (3-ppm) silica core fibers can be made whose radiation sensitivity at 0.85 pm is equivalent to the best of the high OH content (1200-ppm) fibers, provided that the drawing-induced band is virtually eliminated. This result seems to suggest that previous observations [ I ] , [2] , [ 111 that the radiation damage in silica core fibers with high OH contents were substantially less than in those with low OH content might be due to the absence of the drawing-induced defect centers in the wet fibers [5] , [13] . Certainly, the dry fibers that have been processed to minimize the drawing-induced absorption are quite attractive: their low OH content permits them to be used at long wavelengths, and the low radiation sensitivity at 0.85 pm makes them viable candidates for use in radiation environments. Preliminary recovery data of several fibers at 1.3 pm shown in Table I indicate that they are extremely attractive at this wavelength as well. In fact, the induced losses of the Dainichi Nippon SM-100 S fiber are the lowest ever measured at 1.3 pm at this laboratory. The temperature dependence of the radiation damage of this fiber has been reported [4] . Measurements of the temperature and dose rate dependence in other silica core fibers are in progress and will be reported in a later paper.
